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DOPPLER EFFECT

(57) Systems and methods are provided for distin-
guishing between elements located at different distances
from a radiation detector used in neutron-induced gam-
ma-ray spectroscopy using a Doppler effect. A pulsed
neutron generator may emit neutrons out of a downhole
tool in a geological formation at an energy level high
enough to cause inelastic scattering with nuclei of an
element to generate gamma-rays. A gamma-ray detector
may detect the energy levels of the gamma-rays, in the
reference frame of the detector, and data processing cir-
cuitry takes the detected spectrum of gamma-rays and
distinguishes spectra of gamma-ray energy levels for nu-
clei of the element located nearer to or farther from the
detector based at least in part on the Doppler shift of the
energy levels of respective gamma-rays.
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Description

Cross-Reference to Related Application

[0001] This application claims priority to U.S. Patent
Application having serial number 15/645,153 which was
filed on July 10, 2017. The content of this priority appli-
cation is incorporated herein by reference in its entirety.

BACKGROUND

[0002] This disclosure relates to using neutron-in-
duced gamma-ray spectroscopy to distinguish between
nuclei of an element (e.g., carbon) located nearer to a
detector of a downhole tool from nuclei of the element
(e.g., carbon) located farther from the detector of the
downhole tool in the well.
[0003] This section is intended to introduce the reader
to various aspects of art that may be related to various
aspects of the present techniques, which are described
and/or claimed below. This discussion is believed to be
helpful in providing the reader with background informa-
tion to facilitate a better understanding of the various as-
pects of the present disclosure. Accordingly, it should be
understood that these statements are to be read in this
light, and not as an admission of any kind.
[0004] Producing hydrocarbons from a wellbore drilled
into a geological formation is a remarkably complex en-
deavor. In many cases, decisions involved in hydrocar-
bon exploration and production may be informed by
measurements from downhole well-logging tools that are
conveyed deep into the wellbore. The measurements
may be used to infer properties and characteristics of the
geological formation surrounding the wellbore. The dis-
covery and observation of resources using downhole
techniques generally takes place down in the wellbore
with sensors. These sensors may be a part of a tool-
string that may be attached to a drill or other downhole
device.
[0005] One particular type of sensor uses a method of
direct carbon measurement using neutron-induced gam-
ma-ray spectroscopy. This method may be used to esti-
mate the prolificacy of oil or other carbon-based resource
of interest in the area. This technique may include a neu-
tron source and one or more gamma-ray detectors. In
general, this technique is practiced by emitting high-en-
ergy neutrons into the environment and detecting gam-
ma-ray radiation from the surrounding carbon nuclei. The
high-energy neutrons emitted into the environment may
collide with and/or scatter off a carbon nucleus, thus
causing gamma-ray emission of a certain energy. These
gamma-rays may then be detected and the information
processed to reveal the carbon in the environment.
[0006] The method of neutron-induced gamma-ray
spectroscopy may, however, be subject to inaccuracies
due to the carbon in the wellbore itself. Carbon in the
wellbore, such as oil or oil-based mud, may appear in
the same signal measuring the carbon in the surrounding

geological formation. Because the wellbore carbon and
the carbon in the geological formation are measured at
the same time, it may be difficult to accurately estimate
the amount of carbon in a reservoir in the geological for-
mation, thus causing inaccuracy in the resource’s volume
estimate.

SUMMARY

[0007] A summary of certain embodiments disclosed
herein is set forth below. It should be understood that
these aspects are presented merely to provide the reader
with a brief summary of these certain embodiments and
that these aspects are not intended to limit the scope of
this disclosure. Indeed, this disclosure may encompass
a variety of aspects that may not be set forth below.
[0008] To better enhance the measurement of partic-
ular elements (e.g., carbon) in the geological formation
based on neutron-induced gamma-ray spectroscopy, a
subtle Doppler effect may be identified from the neutron-
induced gamma-ray spectroscopy signal. The Doppler
effect causes the energy level of emitted waves (e.g.,
photons, sound, water) to be shifted due to the relative
velocity of the emitting object (e.g., carbon nucleus).
When the waves are emitted in the same direction as the
velocity of the object relative to some observer (e.g., de-
tector), the waves are observed as having a higher en-
ergy level than if the object had been stationary relative
to the observer. Conversely, when the waves are emitted
in the opposite direction of the velocity of the object rel-
ative to some observer (e.g., detector), the waves are
observed as having a lower energy level than if the object
had been stationary relative to the observer. In the con-
text of neutron-induced gamma-ray spectroscopy, the
Doppler effect may produce a subtle, but measureable,
shift in a peak corresponding to certain elements (e.g.,
carbon) in the neutron-induced gamma-ray spectroscopy
signal based on the way that the elements were impacted
by a neutron emitted by a downhole tool.
[0009] In particular, since neutrons are emitted out
from the downhole tool by a neutron source located away
from a gamma-ray detector, the neutrons will impact el-
ements that are closer to the detector at a different angle
relative to the detector than that of elements that are far-
ther from the detector. Thus, the impacted elements will
emit neutron-induced gamma-rays that can be detected
at energies shifted by slightly different amounts due to
the Doppler effect, depending on the angle of impact in
relation to the detector. This means that neutron-induced
gamma-rays produced by interactions between the emit-
ted neutrons and elements closer to the detector may
have measured energies that are slightly different (name-
ly, higher) than neutron-induced gamma-rays produced
by interactions between the emitted neutrons and ele-
ments farther from the detector. Thus, by separating
components of a neutron-induced gamma-ray spectros-
copy signal based on the Doppler effect on the signal, a
relative amount of an element (e.g., carbon) that is nearer

1 2 



EP 3 428 693 A1

3

5

10

15

20

25

30

35

40

45

50

55

to the detector of a downhole tool may be distinguished
from the element (e.g., carbon) that is farther from the
detector of the downhole tool.
[0010] Indeed, in one example, a method of differenti-
ating relative amounts of an element that is nearer or
further from the detector may begin with placing a down-
hole tool into a wellbore in a geological formation. The
downhole tool may then emit neutrons to cause inelastic
scattering events that generate photons. By detecting
spectra of the photons using the downhole tool, distin-
guishing between a first spectrum of the spectra of the
photons that are likely to have originated closer to the
downhole tool and a second spectrum of the spectra of
the photons that are likely to have originated farther from
the downhole tool may be accomplished based at least
in part on Doppler broadening of the spectra. This may
result in determining a property of the geological forma-
tion using the first spectrum, the second spectrum, or
both.
[0011] In another embodiment, a system utilizing a
pulsed neutron generator emits neutrons out of a down-
hole tool may be used to distinguish relative amounts of
an element that are nearer or further from the detector.
In a geological formation, the downhole tool emits neu-
trons at an energy level high enough to cause inelastic
scattering with nuclei of an element to generate gamma-
rays. A gamma-ray detector records the detected gam-
ma-rays and the associated energy of each. Data
processing circuitry may then distinguishes between a
first spectrum of gamma-ray energy levels and a second
spectrum of gamma-ray energy levels. The first spectrum
and the second spectrum are differentiated based at least
in part on the Doppler shift of the energy levels of respec-
tive gamma-rays. The first spectrum denotes gamma-
rays that originated closer to the downhole tool and the
second spectrum denotes gamma-rays that originated
farther from the downhole tool. The data processing cir-
cuitry may then determine a property of the geological
formation using the first spectrum, the second spectrum,
or both.
[0012] In another embodiment, an article of manufac-
ture including one or more tangible, non-transitory, ma-
chine readable media includes instructions to distinguish
relative amounts of an element that are nearer or further
from the detector. These instructions may include receiv-
ing gamma-ray spectra obtained by a downhole tool in a
wellbore in a geological formation and due at least in part
to inelastic scattering events between neutrons emitted
by the downhole tool and nuclei of an element. The in-
structions may then include distinguishing between a first
spectrum of the spectra of the photons that are likely to
have originated closer to the downhole tool and a second
spectrum of the spectra of the gamma-rays that are likely
to have originated farther from the downhole tool based
at least in part on Doppler broadening of the spectra.
Then, a property of the geological formation may be de-
termined using the first spectrum, the second spectrum,
or both.

[0013] Various refinements of the features noted
above may be undertaken in relation to various aspects
of the present disclosure. Further features may also be
incorporated in these various aspects as well. These re-
finements and additional features may exist individually
or in any combination. For instance, various features dis-
cussed below in relation to one or more of the illustrated
embodiments may be incorporated into any of the above-
described aspects of the present disclosure alone or in
any combination. The brief summary presented above is
intended to familiarize the reader with certain aspects
and contexts of embodiments of the present disclosure
without limitation to the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Various aspects of this disclosure may be better
understood upon reading the following detailed descrip-
tion and upon reference to the drawings in which:

FIG. 1 is an example of a neutron-induced gamma-
ray spectroscopy system, in accordance with an em-
bodiment;

FIG. 2 is an example of a neutron-induced gamma-
ray spectroscopy downhole tool, in accordance with
an embodiment;

FIG. 3 is a plot of a neutron-induced gamma-ray
spectroscopy measurement including carbon de-
tected nearer to a detector of the downhole tool and
carbon detected farther from the detector of the
downhole tool, in accordance with an embodiment;

FIG. 4 is a flowchart illustrating a method for esti-
mating formation properties, in accordance with an
embodiment;

FIG. 5 is a plot of the difference of the two gamma-
ray spectra of FIG. 3, in accordance with an embod-
iment;

FIG. 6 is a normalized plot of neutron induced gam-
ma-ray energy levels including carbon detected
nearer to a detector of the downhole tool and carbon
detected farther from the detector of the downhole
tool with the effects of Doppler shift and scattering
taken into account, in accordance with an embodi-
ment; and

FIG. 7 is a plot of the difference of the two gamma-
ray spectra of FIG. 6, in accordance with an embod-
iment.

DETAILED DESCRIPTION

[0015] One or more specific embodiments of the
present disclosure will be described below. These de-
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scribed embodiments are examples of the presently dis-
closed techniques. Additionally, in an effort to provide a
concise description of these embodiments, the features
of an actual implementation may not be described in the
specification. It should be appreciated that in the devel-
opment of any such actual implementation, as in any en-
gineering or design project, numerous implementation-
specific decisions may be made to achieve the develop-
ers’ specific goals, such as compliance with system-re-
lated and business-related constraints, which may vary
from one implementation to another. Moreover, it should
be appreciated that such a development effort might be
complex and time consuming, but would be a routine
undertaking of design, fabrication, and manufacture for
those of ordinary skill having the benefit of this disclosure.
[0016] When introducing elements of various embod-
iments of the present disclosure, the articles "a," "an,"
and "the" are intended to mean that there are one or more
of the elements. The terms "comprising," "including," and
"having" are intended to be inclusive and mean that there
may be additional elements other than the listed ele-
ments. Additionally, it should be understood that refer-
ences to "one embodiment" or "an embodiment" of the
present disclosure are not intended to be interpreted as
excluding the existence of additional embodiments that
also incorporate the recited features.
[0017] The oil and gas industry includes a number of
sub-industries, such as exploration, drilling, logging, ex-
traction, transportation, refinement, retail, and so forth.
During exploration and drilling, wellbores may be drilled
into the ground for reasons that may include discovery,
observation, or extraction of resources. These resources
may include oil, gas, water, or any other combination of
elements within the ground.
[0018] Wellbores, sometimes called boreholes, may
be straight or curved holes drilled into the ground from
which resources may be discovered, observed, or ex-
tracted. During and/or after the formation of a wellbore,
well logging may be practiced. Well logging may include
making a detailed record of the geological formations
penetrated by a wellbore, and is generally part of the
discovery and observation of resources.
[0019] The exploration of what lies beneath the ground
may be accomplished by a number of methods including
surface and downhole techniques. The discovery and
observation of resources using downhole techniques
generally takes place down in the wellbore with sensors.
These sensors may be a part of a tool-string that may be
attached to a drill or other downhole device.
[0020] One particular type of sensor uses a method of
direct carbon measurement using neutron-induced ine-
lastic gamma-ray spectroscopy. This method may be
used to estimate the prolificacy of oil or other carbon
based resource of interest in the area. This technique
may include a neutron source and one or more gamma-
ray detectors. In general, this technique is practiced by
emitting high-energy neutrons into the environment and
detecting gamma-ray radiation from the surrounding car-

bon nuclei. The high-energy neutrons emitted into the
environment may collide with and/or scatter off a carbon
nucleus thus causing gamma-ray emission of a certain
energy. These gamma-rays may then be detected and
the information processed to reveal the carbon in the
environment.
[0021] The method of neutron-induced inelastic gam-
ma-ray spectroscopy may, however, be subject to inac-
curacies due to the carbon in the wellbore itself. Carbon
in the wellbore, such as oil or oil-based mud, may cause
detection that is difficult to separate from detection of
carbon in the surrounding formation, thus causing inac-
curacy in the resource’s volume estimate. To better en-
hance the measurement of particular elements (e.g., car-
bon) in the geological formation based on neutron-in-
duced gamma-ray spectroscopy, a subtle Doppler effect
may be identified from the neutron-induced gamma-ray
spectroscopy signal. The Doppler effect causes the en-
ergy level of emitted waves (e.g., photons, sound, water)
to be shifted due to the relative velocity of the emitting
object (e.g., carbon nucleus). When the waves are emit-
ted in the same direction as the velocity of the object
relative to some observer (e.g., detector), the waves are
observed as having a higher energy level than if the ob-
ject had been stationary relative to the observer. Con-
versely, when the waves are emitted in the opposite di-
rection of the velocity of the object relative to some ob-
server (e.g., detector), the waves are observed as having
a lower energy level than if the object had been stationary
relative to the observer. In the context of neutron-induced
gamma-ray spectroscopy, the Doppler effect may pro-
duce a subtle, but measureable, shift in a peak corre-
sponding to certain elements (e.g., carbon) in the neu-
tron-induced gamma-ray spectroscopy signal based on
the way that the elements were impacted by a neutron
emitted by a downhole tool.
[0022] In particular, since neutrons are emitted out
from the downhole tool by a neutron source located away
from a gamma-ray detector, the neutrons will impact el-
ements that are closer to the detector at a different angle
relative to the detector than that of elements that are far-
ther from the detector. Thus, the impacted elements will
emit neutron-induced gamma-rays at energies that are
shifted by a slightly different amount due to the Doppler
effect depending on the angle of impact in relation to the
detector. This means that neutron-induced gamma-rays
produced by interactions between the emitted neutrons
and elements closer to the detector may have measured
energies that are slightly different (namely, higher) than
neutron-induced gamma-rays produced by interactions
between the emitted neutrons and elements farther from
the detector. Thus, by separating components of a neu-
tron-induced gamma-ray spectroscopy signal based on
the Doppler effect on the signal, a relative amount of an
element (e.g., carbon) that is nearer to the detector of a
downhole tool may be distinguished from the element
(e.g., carbon) that is farther from the detector of the down-
hole tool.
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[0023] With the foregoing mind, FIG. 1 illustrates a
well-logging system 10 that may employ the systems and
methods of this disclosure. The well-logging system 10
may be used to convey a downhole tool 12 through a
geological formation 14 via a wellbore 16. In the example
of FIG. 1, the downhole tool 12 is conveyed on a cable
18 via a logging winch system (e.g., vehicle) 20. Although
the logging winch system 20 is schematically shown in
FIG. 1 as a mobile logging winch system carried by a
truck, the logging winch system 20 may be substantially
fixed (e.g., a long-term installation that is substantially
permanent or modular). Any suitable cable 18 for well
logging may be used. The cable 18 may be spooled and
unspooled on a drum 22 and an auxiliary power source
24 may provide energy to the logging winch system 20
and/or the downhole tool 12.
[0024] Moreover, while the downhole tool 12 is de-
scribed as a wireline downhole tool, it should be appre-
ciated that any suitable conveyance may be used. For
example, the downhole tool 12 may instead be conveyed
as a logging-while-drilling (LWD) tool as part of a bottom
hole assembly (BHA) of a drill string, conveyed on a slick-
line or via coiled tubing, and so forth. For the purposes
of this disclosure, the downhole tool 12 may be any suit-
able downhole tool that uses neutron-induced inelastic
gamma-ray spectroscopy within the wellbore 16 (e.g.,
downhole environment).
[0025] As discussed further below, the downhole tool
12 may receive energy from an electrical energy device
or an electrical energy storage device, such as the aux-
iliary power source 24 or another electrical energy source
to power the tool. Additionally, in some embodiments the
downhole tool 12 may include a power source within the
downhole tool 12, such as a battery system or a capacitor
to store sufficient electrical energy to activate the neutron
emitter and record gamma-ray radiation.
[0026] Control signals 26 may be transmitted from a
data processing system 28 to the downhole tool 12, and
data signals 26 related to the spectroscopy results may
be returned to the data processing system 28 from the
downhole tool 12. The data processing system 28 may
be any electronic data processing system that can be
used to carry out the systems and methods of this dis-
closure. For example, the data processing system 28
may include a processor 30, which may execute instruc-
tions stored in memory 32 and/or storage 34. As such,
the memory 32 and/or the storage 34 of the data process-
ing system 28 may be any suitable article of manufacture
that can store the instructions. The memory 32 and/or
the storage 34 may be read-only memory (ROM), ran-
dom-access memory (RAM), flash memory, an optical
storage medium, or a hard disk drive, to name a few
examples. A display 36, which may be any suitable elec-
tronic display, may display images generated by the proc-
essor 30. The data processing system 28 may be a local
component of the logging winch system 20 (e.g., within
the downhole tool 12), a remote device that analyzes
data from other logging winch systems 20, a device lo-

cated proximate to the drilling operation, or any combi-
nation thereof. In some embodiments, the data process-
ing system 28 may be a mobile computing device (e.g.,
tablet, smart phone, or laptop) or a server remote from
the logging winch system 20.
[0027] The downhole tool 12, as depicted in FIG. 2,
includes a neutron source 50 and a gamma-ray detector
52. The neutron source 50 may be any type of neutron
generator (e.g., pulsed neutron generator) or radioiso-
topic material (e.g., AmBe) that produces high-energy
neutrons and is suitable for downhole operations. When
placed into the wellbore 16 and activated, the neutron
source 50 may emit high-energy neutrons 54 into the
surrounding formation 14 in every direction. These high-
energy neutrons 54 interact with nuclei 56 (e.g., carbon
nuclei) in the surrounding area in events including, but
not limited to, inelastic scattering, elastic scattering, and
neutron capture. During an inelastic scattering collision,
the neutron 54 hits a nucleus 56 causing the emission of
a photon (e.g., gamma-ray 58). Each gamma-ray 58 that
is detected by the detector 52 is counted in a bin with an
associated energy range. The count rates of different en-
ergies may then be viewed as a spectrum of energies
with associated counts for each energy level.
[0028] In downhole operations, hydrocarbons make up
the majority of compounds of interest, being the base
compounds of oil and gas. Therefore, carbon is an ele-
ment of substantial interest that may signify the presence
and/or magnitude of oil and gas reservoirs. In the present
disclosure, carbon nuclei 56 are thus described as the
element of interest for the inelastic scattering events.
However, it should be appreciated that the techniques of
this disclosure may apply to other elements (such as ox-
ygen) that may be present in a downhole environment.
[0029] When a high-energy neutron 54 and a carbon
nuclei 56 have an inelastic collision, a gamma-ray 58 of
a specific energy level is emitted. This mono-energetic
level, about 4.43 MeV, allows for the distinction of carbon
from other elements in the environment and other back-
ground radiation in the spectrum of energies. Thus, the
spectrum of energies can be used to estimate the carbon
component of the geological formation 14, and thus may
be used to obtain an oil volume estimation. However, the
estimation may be skewed by carbon components in the
wellbore 16 itself (e.g., oil and oil-based mud). Therefore,
differentiating wellbore carbon 56A from formation car-
bon 56B may provide more accurate and/or precise
measurements that can lead to a more accurate and/or
precise oil volume estimation. The present disclosure re-
lates that the Doppler effect induced on the gamma-rays
by recoiling carbon nuclei 56 is an avenue for distinguish-
ing wellbore carbon 56A and formation carbon 56B.
[0030] The Doppler effect causes the energy level of
emitted waves (e.g., photons, sound, water) to be shifted
due to the relative velocity of the emitting object (e.g.,
carbon nucleus). When the waves are emitted in the
same direction as the velocity of the object relative to
some observer (e.g., detector), the waves are observed
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as having a higher energy level than if the object had
been stationary relative to the observer. Conversely,
when the waves are emitted in the opposite direction of
the velocity of the object relative to some observer (e.g.,
detector), the waves are observed as having a lower en-
ergy level than if the object had been stationary relative
to the observer. For a gamma-ray 58 to be observed by
a detector 52 however, the gamma-ray 58 must actually
hit the detector 52. Therefore, an angle 60 is made be-
tween the detector 52 and the recoiling carbon nucleus
56 that may describe in what manner the Doppler effect
is shifting the energy of the gamma-ray 58.
[0031] As described above, as each wellbore carbon
nucleus 56A recoils from a collision with a neutron 54,
the direction it travels makes a particular angle 60A with
respect to the detector 52, and each formation carbon
nucleus 56B recoils from a collision with a particular angle
60B relative to the detector 52. Since the carbon nuclei
56 are more likely to recoil in the direction in which the
neutron 54 was traveling prior to collision, the angles
made between the recoiling nuclei 56A and the detector
52 that are close to the detector 52 are likely to be smaller
angles than the angles formed from recoiling nuclei 56B
that are further from the detector 52. Therefore, gamma-
rays 58A originating near the downhole tool 12, for ex-
ample in the wellbore 16, the angle 60A that the recoiling
wellbore carbon nucleus 56A makes with the detector 52
is likely to be smaller than the angle 60B that the recoiling
formation carbon nucleus 56B makes with the detector
52 because the formation carbon nucleus is further away.
In the aggregate, this causes gamma-rays 58A from well-
bore carbon nuclei 56A to have a higher energies than
gamma-rays 58B from formation carbon 56B.
[0032] A wide spectrum of energies may be detected
by the detector 52. Using any suitable gamma-ray spec-
troscopy, the energy peaks and/or unique characteristic
shapes of standard spectra of the elements that can gen-
erate inelastic gamma-rays 58 can be used to obtain rel-
ative yields for each element from the wider spectrum of
energies. By recognizing the Doppler effect in the gam-
ma-rays 58 from recoiling carbon nuclei 56, another peak
can be added to the spectral analysis for the carbon nu-
clei 56A found in the wellbore 16. Using the relative yield
of the formation carbon 56B while taking into account
wellbore carbon 56A, more accurate estimates may be
made about properties of the geological formation 14.
With a higher-fidelity sampling of energies and/or statis-
tical noise reduction, peaks and spectra may be created
for a number of distances away from the tool 12, which
may lead to further accurate estimates. Indeed, while
much of the present disclosure focuses on gamma-rays
58 of two distances - such as wellbore gamma-rays 56A
and formation gamma-rays 56B - any suitable number
of ranges of different distances (e.g., in concentric
spheres around the detector 52) may be used.
[0033] The spectra 80 of wellbore carbon 56A and for-
mation carbon 56B, zoomed in on the main carbon peak,
may be extrapolated from the wider spectrum of energies

as shown in FIG. 3, where a horizontal axis 82 denotes
the energy level by channel and a vertical axis 84 denotes
the normalized counts at the individual energy levels. A
formation carbon spectrum 86 is based on the standard
spectrum for carbon and may have a peak 88 the same
as the standard carbon spectrum. An additional wellbore
carbon spectrum 90 is a higher-energy spectrum due to
the Doppler effect, and has a peak 92 with a relatively
higher energy. The Doppler shift between the formation
spectra 86, where the carbon nuclei 56B recoil away from
the detector 52, and the wellbore spectra 90, where the
carbon nuclei 56A recoil more towards the detector 52,
and the associated shift in energy peaks may be approx-
imated by a gain shift. In FIG. 3, a 0.3% gain shift sepa-
rates the two spectra. That is, the wellbore peak 92 is
1.003 times the energy of the formation peak 88.
[0034] To aid in the approximation of the Doppler shift
the neutron emissions 54 could be focused in a known
direction or their direction calculated by other means. Ad-
ditionally, the gamma-ray detectors 52 could be setup in
such a way to determine, either by direct detection or by
a statistical aggregate, the direction from which the gam-
ma-rays 58 are originating. The Doppler shift between
the energy peaks could also be inferred by restricting the
presence of carbon to certain exclusive zones (e.g. the
wellbore or formation) as in separate laboratory experi-
ments. As someone skilled in the art would appreciate,
this may assist in the calculation of the Doppler effect on
the gamma-rays, and could yield results of higher accu-
racy.
[0035] A general process 100 for using the tool 12 and
making estimations formation estimates is depicted in
FIG. 4. Once the tool 12 is placed downhole (process
block 102), the high-energy neutrons 54 are emitted into
the geological formation 14 and collide with carbon nuclei
56 in inelastic scattering events (process block 104).
Gamma-ray emissions 58 are created by the inelastic
scattering events, and detected by a detector 52 (process
block 106). From the spectrum of energies detected, the
energy peak 88 for carbon nuclei 56B farther from the
tool 12 and the energy peak 92 for carbon nuclei 56A
close to the tool 12, modified by a gain due to the Doppler
effect, may be extrapolated (process block 108). From
the relative yield of carbon nuclei 56B further from the
tool 12, formation properties such as reservoir volume
may be estimated using any suitable spectroscopy tech-
niques (process block 110).
[0036] To obtain a useful relative yield, additional ob-
servances may be taken into account. A number of fac-
tors, for example geometry, current well production, tool
position, cement thickness, hole size, casing size, casing
weight, and standoff, can alter the results of the spectra.
Accounting for these factors may be done by a compo-
sition (e.g., linear combination, Monte Carlo modeling)
of the apparent yields for wellbore carbon 56A and for-
mation carbon 56B. For example, a linear combination
of the yields for wellbore carbon 56A and formation car-
bon 56B with the coefficients depending on the wellbore
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conditions. However, simple linear combinations can
lead to statistical noise because of the anti-correlation
between the apparent formation carbon yield and the ap-
parent wellbore formation carbon yield.
[0037] To help combat statistical noise is another com-
position which includes a linear combination of the ap-
parent formation carbon yield and a weighted linear com-
bination of the apparent formation carbon yield and the
apparent wellbore carbon yield. In such a case, the stand-
ard spectrum corresponding to the weighted linear com-
bination may be shown in a spectrum 120, as shown in
FIG. 5, where the horizontal axis 82 denotes the energy
level by channel and the vertical axis 84 denotes the nor-
malized counts at the individual energy levels. This spec-
trum 120 depicts a difference 122 between the formation
carbon spectra 86 and the wellbore carbon spectra 90
over the full range of measured energies. The difference
122 may be substituted for the wellbore carbon spectra
90 in determining apparent yields. The corresponding
apparent yields may then be used in a linear combination
where the coefficients depend on the wellbore conditions
to get a corrected formation carbon yield. The apparent
formation carbon yield and apparent wellbore carbon
yield will then have very little statistical correlation, and
the effect of a linear combination of the two may have
less statistical noise.
[0038] In addition to the Doppler effect, the spectra 80
from the two general regions of the formation and well-
bore will also be affected by gamma-ray scattering. Every
measured spectrum is affected by scattering and atten-
uation of the original emitted gamma-rays 58, which
causes them to lose energy (or to be lost altogether).
Gamma-rays 58 detected from wellbore carbon 56A tend
to undergo less scattering than gamma-rays detected
from formation carbon 56B. This occurs because the
wellbore fluid is usually less dense than the formation
rock, and because the wellbore gamma-rays 56A often
have less distance to travel to get to the detector than do
the formation gamma-rays 56B. The result is that when
an element such as carbon has a spectrum coming from
both the wellbore 16 and the geological formation 14, the
formation carbon spectrum 86 is often enhanced at lower
energies due to its additional down-scattering.
[0039] The combination of scattering effects and the
Doppler effect on gamma-rays can be modeled by a
spectra 130 of FIG. 6, where the horizontal axis 82 de-
notes the energy level by channel and the vertical axis
84 denotes the normalized counts at the individual ener-
gy levels. Such spectra 130 may be calculated using the
Doppler effect spectra 80 of this disclosure with known
techniques to adjust the scattering via Monte Carlo mod-
eling (e.g. the method of "scattering functions") or other
model-based methods. Such spectra 130 can also be
computed as a linear combination of direct experimental
measurements. A combined formation spectrum 132 and
a combined wellbore spectrum 134 use both the Doppler
effect and scattering effects on the gamma-rays. Another
graph 140 can be created to define a combined difference

spectrum 142 as shown in FIG. 7, where the horizontal
axis 82 denotes the energy level by channel and the ver-
tical axis 84 denotes the normalized counts at the indi-
vidual energy levels. The combined difference spectrum
142 may be used to reduce the degradation of statistical
precision in the spectral fit, as described previously. A
corrected combined formation yield may be obtained us-
ing a linear combination of the combined formation yield
and the combined difference yield.
[0040] Accordingly, the technical effects of the present
disclosure allow for the determination of nuclei being near
or far from a downhole tool 12 based on the Doppler
effect on gamma-rays emitted from interactions with
emitted neutrons, such as inelastic scattering events.
This determination allows for further increased accuracy
and precision of carbon yields in the geological formation
14. Additionally or alternatively, using both the Doppler
effect and gamma-ray scattering to distinguish between
nearer and farther elements may produce an even more
precise and/or accurate value of a corrected combined
formation yield. The corrected combined formation yield
may be used to estimate formation properties, for exam-
ple oil reservoir volume, to a higher precision and/or ac-
curacy.
[0041] The specific embodiments described above
have been shown by way of example, and it should be
understood that these embodiments may be susceptible
to various modifications and alternative forms. It should
be further understood that the claims are not intended to
be limited to the particular forms disclosed, but rather to
cover modifications, equivalents, and alternatives falling
within the spirit and scope of this disclosure.

Claims

1. A method comprising:

placing a downhole tool into a wellbore in a ge-
ological formation;
emitting neutrons out of the downhole tool to
cause inelastic scattering events that generate
photons;
detecting spectra of the photons using the down-
hole tool;
distinguishing between a first spectrum of the
spectra of the photons that are likely to have
originated closer to the downhole tool and a sec-
ond spectrum of the spectra of the photons that
are likely to have originated farther from the
downhole tool based at least in part on Doppler
broadening of the spectra; and
determining a property of the geological forma-
tion using the first spectrum, the second spec-
trum, or both.

2. The method of claim 1, wherein the first spectrum
has a first peak with a higher energy and the second

11 12 
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spectrum has a second peak with a lower energy.

3. The method of claim 2, wherein the spectra compris-
es a third spectrum of photons that are likely to have
originated farther from the downhole tool than the
photons of the second spectrum and has a third peak
with a lower energy than the second peak of the sec-
ond spectrum.

4. The method of claim 1, wherein the first spectrum
has a first peak and the second spectrum has a sec-
ond peak, wherein the first peak and the second peak
are due at least in part to inelastic scattering events
between neutrons and nuclei of a first element.

5. The method of claim 4, wherein the first element is
carbon.

6. The method of claim 4, wherein the first element is
oxygen.

7. The method of claim 4, wherein the first spectrum
has a third peak and the second spectrum has a
fourth peak, wherein the third peak and the fourth
peak are due at least in part to inelastic scattering
events between neutrons and nuclei of a second el-
ement.

8. The method of claim 1, wherein the first spectrum
and the second spectrum are distinguished based
at least in part on the scattering of the photons.

9. The method of claim 1, wherein a first relative yield
is determined from the first spectrum and a second
relative yield is determined from the second spec-
trum.

10. The method of claim 9, wherein the determination of
the property of the geological formation is due at least
in part by a linear combination of the first relative
yield, the second relative yield, and/or the difference
between the first relative yield and the second rela-
tive yield.

11. The method of claim 1, wherein the first spectrum
has a first peak and the second spectrum has a sec-
ond peak, and wherein the first peak can be com-
puted by a gain shift of the second peak.

12. A system comprising:

a pulsed neutron generator configured to emit
neutrons out of a downhole tool in a geological
formation at an energy level high enough to
cause inelastic scattering with nuclei of a first
element to generate gamma-rays;
a gamma-ray detector configured to detect en-
ergy levels of the gamma-rays; and

data processing circuitry configured to distin-
guish between a first spectrum of gamma-ray
energy levels and a second spectrum of gamma-
ray energy levels, wherein the first spectrum and
the second spectrum are differentiated based at
least in part on the Doppler shift of the energy
levels of respective gamma-rays, wherein the
first spectrum denotes gamma-rays that origi-
nated closer to the downhole tool and the sec-
ond spectrum denotes gamma-rays that origi-
nated farther from the downhole tool, and where-
in the data processing circuitry determines a
property of the geological formation using the
first spectrum, the second spectrum, or both.

13. The system of claim 12, wherein the first spectrum
has a first peak and the second spectrum has a sec-
ond peak, wherein the first peak and the second peak
are due at least in part to a inelastic scattering events
between neutrons and nuclei of a first element.

14. The system of claim 13, wherein the first element is
carbon.

15. The system of claim 12, wherein the first spectrum
and the second spectrum are distinguished by the
data processing circuitry based at least in part on
the scattering of the gamma-rays.
spectrum has a second peak, and wherein the first
peak can be computed by a gain shift of the second
peak.

13 14 



EP 3 428 693 A1

9



EP 3 428 693 A1

10



EP 3 428 693 A1

11



EP 3 428 693 A1

12



EP 3 428 693 A1

13



EP 3 428 693 A1

14



EP 3 428 693 A1

15

5

10

15

20

25

30

35

40

45

50

55



EP 3 428 693 A1

16

5

10

15

20

25

30

35

40

45

50

55



EP 3 428 693 A1

17

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

• US 15645153 B [0001]


	bibliography
	abstract
	description
	claims
	drawings
	search report
	cited references

